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FOREWORD 


The  work  reported  herein  was  accomplished  at  the  Cornell  Aeronautical 
Laboratory,  Inc.,  in  Buffalo,  New  York,  under  U.  S.  Air  Force  Contract 
No.  AF  33(6i6)-7o69,  Project  No,  3137,  Task  No,  31370U,  “Study  of  the  Problems 
Associated  with  Flutter  of  Rotor  Blades  in  Forward  Flight".  Hr.  H,  Cochran, 
Branch  Chief  V/STOL  Propulsion  Branch,  ASD,  was  the  project  monitor.  The 
Transportation  Research  Command  (TRECOM)  of  the  Army  Transportation  Corp 
supported  the  effort. 


ABSTRACT 


An  experimental  and  analytical  investigation  was  made  of  the  effects  of 
advance  ratio  on  the  flutter  characteristics  of  a  model  helicopter  rotor  blade. 
Analyses  were  based  on  linearized  equations  of  motion  for  the  flapping, 
pitching,  bending  and  twisting  degrees  of  freedom  although  twisting  was 
nec'lected  in  the  subsequent  calculations.  Reversed  flow  effects  were  in^Jeided 
In  the  evaluation  of  the  aerodynamic  forces. 


Experimental  flutter  data  were  obtained  by  testing  a  model  helicopter 
rotor  blade  mounted  on  the  CAI/TRECOM  Small  Rotorcraft  Test  Apparatus.  These 
data  were  compared  with  the  results  of  calculations  based  on  the  linearized 
equations  of  motion  for  pitching,  flapping  and  bending.  The  trends  of  the 
theoretical  and  experimental  results  were  in  fair  agreement.  Lack  of  good 
qviantitative  agreement  is  believed  to  be  caused  by  the  absence  of  an  adequate 
wsteady  aerodynamic  theory. 
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SUMMARY 


An  experimental  and  analytical  investigation  was  made  of  the  effects 
of  advance  ratio  on  the  flutter  characteristics  of  a  model  helicopter  rotor 
blade. 

Flutter  tests  were  made  with  the  model  mounted  on  the  CAL/TRECOM  Small 
Rotorcraft  Tes+  Apparatus  at  advance  ratios  from  0  to  0,7.  Rotor  shaft  angle, 
collective  pitch  angle,  blade  c,  g ,  location,  smd  pitch  restraint  were  varied. 

Linearized  equations  of  motion  were  used  to  represent  the  dynamics  of  the 
rotor  blade,  Rc, versed-flow  effects  were  included  in  the  quasi-steady  theory 
used  in  the  development  of  the  aerod^Tiamic  coefficients. 


To  determine  the  theoretical  stability  boundaries,  ..an  analog  computer 
was  used  to  solve  the  coupled  pitching,  flapping  and  bending  equations  of 
motion.  Increased  advance  ratio  generally  decreased  the  rotor  rotational 
speed  at  which  the  instability  occurred.  The  mfignitude  of  the  effect  of 
advance  ratio  depended  on  the  blade  unbalance  (i,  e., chordwise  c.  g.  position) 
and  the  ratio  of  bending  frequency  to  pitching  frequency, 

Agreenent  between  theoretical  and  experimental  data  was  only  qualitative. 
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I.  INTRODUCTION 


The  research  program  discussed  herein  was  undertaken  to  obtain  infoxmation 
on  the  influence  of  forward  flight  speed  (advance  ratio)  on  the  flutter  charac¬ 
teristics  of  a  helicopter  rotor  blade  model.  This  effort  is  essentially  a 
continuation  of  the  exploratory  program  reported  in  Ref.  1. 

The  critical  flutter  speed  is  a  parameter  which  should  be  considered  by 
designers  in.  conjunction  with  forward  flight  loads.  Even  if  avoided^  the 
combinations  of  advance  ratio  and  shaft  rotational  speed  at  which  rotor 
flutter  occurs  are  important  since  the  magnitude  of  the  response  of  the  blade 
to  normal  forward  flight  aerodynamic  excitation  is  greatly  increased  as  the 
critical  flutter  conditions  are  approached. 

The  need  for  a  better  understanding  of  the  aeroelastic  properties  of 
helicopter  rotor  blades  and  the  need  for  more  accurate  means  of  predicting 
these  properties  have  been  realized  for  some  time.  Continuing  effort  along 
these  lines  are  demonstrating  the  close  relationships  that  exist  among  flutter 
characteristics,  blade  aerodynamic  loads,  blade  structural  dynamics,  vibratory 
blade  stresses,  fuselage  vibration,  blade  response  to  control  movement,  flight 
stability,  and  helicopter  performance ,  Limits  of  present  knowledge  prevent 
the  simultaneous  evaluation  of  these  problems  in  the  oesign  of  helicopter 
rotor  blades.  In  fact,  even  the  explanations  of  paorticular  observed  phenomena 
must  be  qualified  with  assumptions  regarding  the  interactions  of  the  components 
of  the  overall  problem  unless  extreme  care  has  been  exercised  to  isolate 
only  one  facet  of  the  rotor  dynamic  problem. 

In  recent  years,  considerable  work  has  been  done  on  the  theoretical  and 
experimental  study  of  rotor  flutter  in  hovering  flight  (e,g,.  Refs,  2  to  10)* 
These  studies  were  summarized  briefly  in  Ref,  10,  At  the  present  time,  rotw 
flutter  theory  has  been  developed  to  the  point  where  fairly  good  correlation 
can  be  expected  between  theoretical  and  experiments^,  results  for  the  hovering 
case.  However,  coii?)aratively  little  work  has  been  done  to  determine  the 
effect  of  forward  velocity  on  rotor  flutter.  Reference  11  gives  the  results 
of  tests  of  a  scale  model  of  a  two-bladed,  teetering,  jet-driven  helicopter. 

In  these  tests,  it  was  found  that  the  rotor  speed  at  which  flutter  was  first 
detected  decreased  slightly  as  advance  ratio  was  increased  from  0  to  0,15. 
References  12,  13,  and  lU  discuss  the  instability  of  an  unconventional  jet- 
driven  rotor  configuration  which  employed  a  floating  hub  and  utilized  pitch- 
cone  coupling.  For  certain  ranges  of  parameters  this  configuration  exhibited 
a  flutter  mode  in  which  blade  chordwlse  bending  was  the  dominant  degree  of 
freedom.  In  this  case,  it  was  also  found  that  the  critical  rpm  at  which 
flutter  occurred  decreased  with  forward  speed.  The  stability  of  flapping  motions 
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was  also  studied  for  this  configuration.  It  was  shown  that  a  linear  math* 
ematlcal  model  representing  slngle-degree-of-freedom  flapping  motions  can 
indloate  instdilUtj  at  high  adfsaoe  ratios  (Rsfs.  12  and  I3).  This 
charaoterlstlc  arises  from  the  periodicity  of  the  air  velocity  relative  to 
the  blade  as  the  blade  rotates  in  forward  flight. 

A  pitch-lag-flap  instability  of  a  light  conventional  rotor  in  hovering 
was  discovered  at  ASP  and  subsequently  analyzed  (Kef.  1^).  Similar  experi¬ 
mental  results  obtained  with  a  model  were  reported  in  Re^  I6  and^  in  addition, 
forward  flight  was  found  to  have  a  destabilizing  effect. 

Reference  17  contains  the  derivation  of  equations  of  motion  for  bending 
and  torsion  of  a  rotor  in  forward  flight  -  the  mechanical  terms  being  the 
same  as  those  derived  in  previous  analyses  for  the  hovering  case  (e.g.. 

Refs.  5,  9  and  10),  Reversed  flow  effects  were  included  in  the  quasi-static 
aerodynamics.  Solutions  for  first  torsion  flapping- first  bending  flutter  were 
obtained  by  numerical  integration  of  the  equations.  The  shaft  rotational  speed 
was  fixed  during  the  calculations  and  the  advance  ratio  was  increased  until  un¬ 
stable  motions  were  found.  Reasonable  agreement  was  shown  between  two  flutter 
points  obtained  with  models  and  calculated  results  at  very  high  advance  ratios 
(A/ >1.0).  No  calciilations  or  data  were  presented  for  flutter  at  lower 
advance  ratios. 

Although  the  above-mentioned  investigations  have  provided  some  forward 
flight  flutter  data,  there  is  still  little  information  on  how  forward  velocity 
influences  the  critical  rotor  speeds  for  flutter  in  the  coupled  flapping¬ 
pitching  mode  or  coupled  flapping-pitching-bending-twisting  mode  of  a  conven- 
'ijnal  rotor.  Furthermore,  no  known  data  exist  that  cover  advance  ratios 
corresponding  to  the  present  practical  flight  regime  -  0<(AX0,li,  The  results 
of  flutter  investigations  for  rotors  in  hovering  flight  show  that  the  flutter 
characteristics  depend  principally  on  the  effective  c.g.  position,  the  general¬ 
ized  mass  parameters,  the  uncoupled  natural  frequencies  of  the  blade  modes, 
and  the  collective  pitch  angle.  The  trends  of  the  effect  of  c.g.  position, 
the  blade  mass,  and  blade  natural  frequency  (l.e.,  properties  that  could  be 
determined  in  a  vacuum)  would  be  e:qpected  to  be  similar  in  the  forward  flight, 
case  to  those  found  in  hovering.  Aerodynamic  effects,  however,  are  quite 
different  in  forward  flight  due  to  the  cyclic  change  of  the  relative  tangential 
velocity  at  the  blade,  the  unsymmetric  induced  velocity  distribution,  and 
the  rotor  disk  angle  of  attack.  Both  the  relative  tangential  velocity  and 
induced  velocity  effects  are  functions  of  the  advance  ratio  parameter  and 
this  latter  parameter  represents  the  major  difference  between  hovering  and 
forward  flight  aerodynamics.  Also,  the  rotor  disk  angle  of  attack  results  in 
a  change  of  the  "wake  spacing"  of  elements  of  shed  vortlclty  due  to  a  change 
of  the  transport  velocity  relative  to  the  plane  of  the  rotor  disk. 
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It  was  noted  in  Ref.  11  that  the  flutter  motions  occurring  in  forward 
flight  were  not  pure  sinusoidal  motions  but  were  irregular  without  a  well- 
defined  frequency.  The  irregularity  of  the  notions  and  stresses  is  not  sur¬ 
prising  since  they  result  fron  the  siq^rposltlon  of  flutter  actions  whose 
frequencies  are  not  necessarily  integral  multiples  of  the  rpm  on  the  nonnal 
forced  response  in  forward  flight. 

Theoretical  investigations  have  been  made  of  combined  flapping  and 
bending  instability  of  a  rotor  blade  in  forward  flight  (Ref.  18%  In¬ 
stability  at  high  advance  ratios  (/«.  >  1)  was  shown  to  be  possible  for  the 
mathematical  model  chosen.  It  is  reasonable  to  expect  that  this  Instability 
would  be  more  critical  if  adversely  coupled  with  blade  pitching  or  torsional 
motions. 

It  is  evident  from  the  above  review  that  little  data  existed  on  the 
effects  of  translational  velocity  on  helicopter  rotor  blade  flutter  chaiv 
acteristics  prior  to  the  experimental  phase  of  the  Ref,  1  program  and  that 
few  theoretical  analyses  of  the  problem  had  been  made.  In  particular,  no 
experimental  or  theoretical  results  were  available  in  the  practical  helicopter 
range  (0.15^/^—  O.U).  The  present  program  is  essentially  a  continuation  of 
the  work  reported  in  Ref.  1.  Techniques  and  equipment  employed  were  substan¬ 
tially  the  same.  Discussion  of  these  is  incorporated  in  this  report  for  the 
convenience  of  the  reader. 

Blade  chordwise  center-of-gravity  position,  collective  pitch  angle,  and 
pitching  natural  frequency  as  well  as  advance  ratio  were  varied  during  the 
flutter  tests. 

These  same  quantities  (except  collective  pitch  angle)  were  also  varied 
in  the  theoretical  calculations.  Effects  of  reverse  flow  were  incorporated 
in  the  aerodynamic  force  expressions  and  their  influence  on  the  theoretical 
flutter  bo\indarles  was  determined. 
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II.  TEST  APPARATUS 


The  test  equipment  used  in  the  preamt  prograa  eoneieted  of  a  single- 
bladed  hydraulically-driven  rotor  mounted  on  the  tower  of  the  Snail  Rotoreraft 
Test  ApparatTis  (Figs,  la  and  lb).  This  same  equipment  was  vised  to  obtain  the 
experimental  results  reported  in  Ref.  1. 

The  Small  Rotoreraft  Test  Apparatus  (Ref.  19)  was  built  by  CAL  under 
the  sponsorship  of  the  Army  Aviation  Division  of  the  U.  S.  Amy  Transportation 
Research  and  Engineering  Command  for  making  force  measurements  on  small 
craft  or  models  at  low  speeds.  Mounted  under  the  trailer  is  a  375- hp  engine 
for  driving  the  model  or  machine  being  tested  (Fig.  2).  Two  110- volt  60  cycle 
gasoline-driven  generators,  one  having  1500  watts  and  the  other  3500  watts 
output  capacity,  are  mounted  under  the  floor  of  the  trailer.  A  hydraulic  pump 
to  operate  the  pitch  strut  and  the  tower  extension  strut  is  mounted  under  the 
trailer  bed.  Dvu'ing  the  present  program,  the  trailer  tower  was  used  in  its 
lowest  position,  and  the  pitch  angle  of  the  pylon  was  varied.  Figure  3 
shows  the  tractor  used  to  pvill  the  trailer.  The  test  conductor  sits  in  the 
tractor  facing  aft,  and  from  this  position  he  can  observe  the  model  and 
operate  its  controls. 

The  rotor  head  (Fig.  U)  had  been  used  during  previous  programs  to  obtain 
the  flutter  data  in  hovering  reported  in  Refs.  U,  6,  7,  9  and  10.  The  blade 
had  been  flutter  tested  previously  in  hovering  (Ref.  10).  A  motor-driven  cam 
was  used  to  disturb  the  blade  in  pitch.  This  device  had  also  been  used  in 
previous  tests  (Refs,  li  and  6), 

The  rotor  is  mounted  on  a  drive  shaft  that  is  supported  by  bearings  at 
each  end  of  the  rotor  pylon  (Figs,  la  and  lb).  A  slip  ring  assembly  is 
mounted  on  the  drive  shaft  uiider  the  lower  bearing.  The  rotor  drive  shaft  is 
driven  through  a  flexible  coupling  by  a  29-hp  hydravilic  motor.  The  hydraulic 
motor  housing  is  supported  by  trunnion  bearings  on  the  top  of  the  tower  of 
the  Siaall  Rotoreraft  Test  Trailer.  A  hydraulic  strut  pinned  to  the  hydraulic 
motor  housing  and  the  tower  is  used  to  change  the  pitch  angle  of  the  pylon 
(Fig.  la). 

Hydraulic  power  to  drive  the  motor  that  is  connected  to  the  rotor  drive 
shaft  was  obtained  by  mounting  a  hydraulic  pump  at  the  base  of  the  trailer 
tower  and  driving  it  with  the  375- hp  engine  (Fig.  ^).  The  speed  of  the 
hydraulic  motor  can  be  controlled  by  varying  the  stroke  of  the  pump  or  by 
changing  the  speed  of  the  driving  engine. 

The  blade  used  to  obtain  the  flutter  data  is  designated  as  Blade  No.  U, 
in  Ref.  10.  Its  properties  are  tabulated  in  APPENDIX  1  of  this  report.  Bl^e 
chordwlse  center-of-gravlty  position  was  adjusted  by  means  of  lead  weights 


housed  in  a  cylindrical  pod  at  the  blade  tip*  The  blade  is  instrumented  with 
strain  gages  to  measure  bending  moments  at  five  spanwise  locations*  Pitch 
and  flap  transducers  are  mounted  on  the  rotor  (Fig*  U)*  The  signals  from 
this  instrumentation  are  carried  through  the  slip  rings  to  a  recording 
oscillograph  that  is  mounted  on  the  trailer  (Fig*  6),  The  hydraulic  controls 
for  operating  the  tower  extension  and  pylon  pitch  struts  are  also  shown  on 
Fig.  6, 
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III.  FLUTTER  eJ  ,'CRIMENTS 
»*  , 

( I  ' 

A*  Technique  ^ 

.  '  '  ' 

The  same  technique  and  pitch  trip  actuate;  r  l^id  been  used  previously 
in  model  flutter  studies  (Refs*  1,  li,  and  6)  k.,  therefore,  are  described 

only  briefly  in  the  following  discussion,  i 


In  order  to  excite  the  model  and  subseqi  !  ,  ily  detepiiiie  the  proximity 
to  the  flutter  boundary,  the  pitch  of  the  bl.'p;  '.was  increased  several  degrees 
above  the  nominal  value  by  means  of  a  motor-c  ;i:  1  v  an  cam  aJid  then  suddenly 
released.  The  motions  of  the  blade  would  dajii;  iut  if  the  model  were  jrotating 
with  an  angular  velocity  below  that  required .sustain  flutter.  Rotor 
speed  was  increased  in  increments  and  the  process  repeated  until  the  ajigUlaT 
velocity  of  the  rotor  was  a  small  amount  greata ;  than  that  at  which  blade 
motions  damped  out,  and  the  blade  motions  per.3i;;,ted  at  almost  constant  ampli¬ 
tude.  The  oscillograph  was  started,  and  rotor  v^eed  was  slowly  decreased 
until  flutter  motions  damped  out.  The  conditioit';  existjaag  just  before  the 
motion  started  to  decay  were  considered  to  be  t  .!  flutter  conditions. 


Since  the  purpose  of  this  investigation  wai  tc  t tudy  the  effect  of 
forward  velocity  on  the  flutter  of  a  single-bla..  ■  ,d  rotor,  te'~ts  were  first  t 
made  with  zero  or  near  zero  forward  velocity  to;  >  st  ft.tish  a  reference  flutter 

condition,  '  ; 

'  '  « 

Flutter  tests  were  conducted  at  the  Niagara ' Ff lis  Kiuiicipal  Airport 
on  the  East-West  taxi  strip.  The  velocity  and  diriotion  of  the  ambient  wind 
limited  the  lowest  forward  flight  speed  at  which  ft',  -jts  could  be  conducted,  , 
Tests  were  not  attempted  unless  the  angle  be  tweet  ^  iesultant  wind  velocity 

and  the  plane  of  symmetry  of  the  model  was  less  k.’hc  h  fifteen  degrees.  This 
arbitrary  limit  was  set  to  avoid  the  introductlo  i  c:?  an  additional  test 
variable-lateral  shaft  tilt.  Runs  were  made  wit; :  t  te  model  fenced  into  the 
prevailing  wind  and  with  the  apparatus  stationary:  obtain  the  lower  range 

of  test  forward  flight  velocities. 


B.  Range  of  Experiments 

; ; 

Tests  were  conducted  for  a  range  of  equivaI(  ;/>  center-of-gravity 
locations^  from  0.36  to  13*9  percent  chord  behinr  i  'he  pitch  axis.  The  pitch 
axis  was  at  the  25$  chord  line. 


«  Equivalent  center-of-gravlty  location  is  a  coFivnient  means  for  presenting 
the  blade  pitching-flapping  inertial  ooi^ling  -  product  of  inertia. 

It  is  defined  as  the  chordwise  e*g.  location  of  s  ,:-ectangular  blade  having  a 
unlfozs  mass  distribution  such  that  the  ratio  of  t)  e  pitching-flappiog  product 
of  inertia  to  the  flapping  inertia  la  tha  asM  as  That  of  the  i)on-unifozn  blade 
being  sttidiedt  ^  ^  Ab 
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Th«  adTaBM  ratio  rangt^tfas  zero  to  approxiaiately  0.7*  Flutter  teste 
were  oonduoted  for  shaft  between  U  and  12  degrees.  Collective  pitch 

angles  ranged  from  3  to  8  d;’grees. 


The  ratio  of  the  nonro,oa>.ing  bending  frequency  to  the  nonrotating  pitching 
frequency  could  be  varied  fi-oiii  0.6  to  1.5.  The  primary  means  for  varying 
this  quantity  was  the  spring j  .rtifihess  of  the  pitching  mode. 

Approximate  stall  region^  were  computed  for  the  retreating  blade  tip 
and  are  shown  on  Fig.  7  ab  ji.^urictions  of  shaft  tilt  angle,  ,  and  collective 
pitch  angle,  0^.  It  was  aif  juried  that  the  stall  angles  of  attack  are  +  lU°. 
Linear  aerodynamic:  theory  viis  used  to  calculate  the  conditions  at  which  these 
aerodynamic  angles  of  attac);  v  ere  reached.  The  regions  between  the  linesy^^* 
constant  represent  :tnstall>ij  i  g, Deration.  The  model  blade  tip  was  unstallea  in 
the  trim  condition  fof  .,'.11  the  data  presented  and  it  is  doubtf\jl  that  any  local 
stalling  due  to  the  flutter  motions  affected  the  results. 


oerimental  PT-utter  Resui  is 


The  experimental  flutter,  lata  are  summarized  on  Figs.  8a  -  8e.  The 
various  shaft  tilts  (  from  U®  <to  12°  nose-down  tilt  relative  to  the  wind)  at 
which  daia  werd  ofctainod  are  rot  shown  on  the  figures  since  the  effect  of  this 
parameter  was  hidden  in  the  soittrr  of  the  flutter  points. 


Data  obtained  with  blade  j-ea’  ly  mass  balanced  (equivalent  c.g.  0.36^ 
chord  behind  the  quarter  chord,,  a:*e  shown  on  Fig,  8a,  The  ratio  of  the 
nonrotating  pitching  frequency;  u  to  the  shaft  speed,  JX  ,  at  which 
flutter  occurred  was  insensitl  e  1,0  shaft  tilt,  advance  ratio,  and  bendlng- 
to-pitching  frequency  ratio  ovtr  the  range  tested. 


Figui'e  8b  shows  the  fiuttto*  <  ata  obtained  with  the  equivalent  c.g. 
approximately  k%  chord  behind  t  le  pitch  axis  {.2S%  chord).  The  shaft  speeds 
at  which  flutter  occurred  for  a  g.  ven  pitching  frequency  were  reauced  compared 
with  those  for  the  more  forvraid  c,g.  location  (Fig.  8a).  Again, advance  ratio 
and  shaft  angle  and  bending-tof ^i'ching  ratio  had  small  effects  on  the  flutter 
characteristics. 


Flutter  points  obtained  wi'.h  equivalent  c.g.  approximately  (>%  behind  the 
quarter  chord  are  shown  on  Figs  i  '  c  and  8d.  The  data  obtained  at  relatively 
low  collective  pitch  angles  (FI;;.  8c)  indicate  a  decreasing  flutter  speed  (-^) 
with  increasing  advance  ratio  f t  r  a  fixed  pitching  frequency.  Shaft  tilt 
and  frequency  ratio  again  had  rd  lively  small  effects.  Figure  8d  shows 
results  obtained  at  somewhat  hi^h;r  collective  pitch  angles.  C(Nq>arison  of 
Figs.  8c  and  6d  indicates  that  fh)  higher  collective  pitch  angles  produced 
lower  flutter  speeds  in  the  lew  A-  range  while  practically  no  difference 


\ 
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assignable  to  collective  pitch  can  be  observed  0*3* 

Test,  reftilta  for  the  moat  aft  e.g*  location  (approxlaately  llt^  behind 
the  pitch  axis)  are  shown  on  Fig*  8e*  Both  advance  ratio  and  bending- to- 
pitching  frequency  ratio  had  appreciable  effects* 
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IV.  DISCUSSION  OF  ANALISES 


A.  Equations  of  Motion 

The  method  of  derivation  of  the  equations  of  motion  used  in  the  present 
program  follows  that  used  in  the  previous  CAL  studies  of  blade  aeroelastlc 
characteristics  (e.g,,  Refs.  1,  5,  7,  9,  and  10),  The  mass  and  elastic  terms 
are  not  rederived  in  this  report,  since  these  terms  are  identical  in  hovering 
and  forward  flight.  Similarly,  the  quasi-static  aerodynamic  terms  arising 
from  the  translational  velocity  were  previously  presented  in  Ref.  1  (with 
reversed  flow  effects  neglected)  and  are  easily  derived  by  an  extension  of 
the  basic  analysis  of  Ref.  6.  The  equations  of  motion  and  the  expressions 
for  the  generalized  mass,  elastic,  and  aerodynamic  coefficients  are  summarized 
in  APPENDIX  II.  A  correction  factor  to  approximate  the  principal  Mach 
number  effect  (i.  e.,  on  the  lift  curve  slope)  has  been  indicated.  The 
inclusion  of  even  this  simple  factor  and  the  effects  of  reversed  flow  over  the 
retreating  blade  greatly  complicates  the  problem.  Mach  number  effects  were 
not  included  in  the  calculations  made  for  the  blade  used  in  the  present 
program,  since  the  Mach  nimibers  reached  during  the  tests  were  low  (  M  <  0.3). 

It  must  be  noted  that  there  is  no  substantiated  theory  for  the  pre¬ 
diction  of  either  the  steady  or  unsteady  aerodynamic  forces  on  a  helicopter 
rotor  blade  in  forward  flight, 

B.  Aerodynamic  Coefficients  for  Reversed  Flow  Region 

A  helicopter  rotor  blade  in  forward  flight  experiences  a  periodic 
tangential  velocity  arising  from  the  flight  speed  superimposed  on  the 
tangential  velocity  due  to  rotation: 

=  SI.  -r~  -u  S//V 

where  the  azimuthal  angle,  ,  is  measured  from  the  downwind  position  and 
the  positive  direction  is  the  direction  of  rotation  of  the  blade.  When 
Vip<.  0  the  flow  regime  is  termed  "reversed”. 


The  boundary  at  which  =  0  is  a  circle  of  diameter R  with  its 
center  at  3  tt  ,  r  =  I  /^R,  Within  this  circle,  the  lift  is 

2 

negative  and  the  static  aerodynamic  center  is  at  the  3A  chord  of  the  blade 
section. 

In  order  to  extend  the  theory  developed  in  Refs.  1  and  6  to  accoxmt  for 
the  reversed  flow  effect,  a  correction  factor  was  added  to  the  sectional  aero¬ 
dynamic  lift  equation.  This  factor  subtracts  the  portion  of  the  lift  due  to 
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nomfj.  flow  and  adds  terms  due  to  reversed  flow*  Let  the  lift  be  considered 
to  consist  of  two  parts t 


where 


P 

P 

^NF 
^  PrF 


“  Pjjp  +  A  Pj^p 

«  resultant  lift 

■  lift  in  the  absence  of  reversed  flow 
=  lift  correction  due  to  reversed  flow 


then 


RF 


+  p 

^NF  ^ 


(2) 


It  is  understood,  of  course,  that  this  correction  is  applied  only  in  the 
region  V.j,<  0* 


Identification  of  the  terms  in  the  lift  equation  that  are  affected  by 
the  reversed  flow  regions  was  accomplished  by  writing  the  lift  equation  for 
reversed  flow  and  comparing  it  with  the  expression  obtained  when  V,p  >  0*  This 
is  substantially  the  same  procedure  used  in  Ref*  17*  For  V<j>  >  0,  the  lift 
equation  is 

for  V,j,<  0  (  i.e.,  reversed  flow  region), 

p  -  trC-W-  /v  +  ^  J  ik) 


It  is  seen  that  the  signs  of  the'V^  and  A'  terms  became  negative  in  the 
reverse  flow  lift  equation*  By  identifying  these  teims  in  the  theory  (Refs*  7 
and  17),  the  equation  for  the  perturbation  lift  of  a  blade  element  operating 
in  reverse  flow  and  correction  terms  indicated  by  Equation  (2)  was  obtained* 

By  means  of  the  same  procedure,  it  was  found  that  for  a  flat  plate  airfoil 
there  are  no  changes  in  the  signs  of  the  terms  in  the  equation  e^qpressing  the 
moment  about  the  mid-chord  of  the  blade* 


The  correction  terms  appear  as  Integrals  over  the  interval  r  to 
sin  in  APPENDIX  II.  Evaluation  of  the  integrals  leads  to  periodic  force 
expressions  since  the  upper  limit  is  periodic. 

When  (at  an  element  of  the  blade)  sin ^  SL’T  i.e,,  ^  0, 

the  angle-of-attack  of  the  blade  may  be  considerably  larger  than  the  stall 
angle  and  the  blade  lift  will  be  reduced.  The  lift  curve  slope  was  carried 
in  the  reversed  flow  aerodynamic  coefficients  as  a  parameter  in  order  to 
permit  study  of  this  nonlinear  effect  at  some  future  time. 

C,  Flutter  Calculations 


The  equations  of  motion  for  flapping,  pitching  and  bending  given  in 
APPENDIX  II  were  programmed  on  an  analog  computer.  In  order  to  reduce  the 
problem  to  a  size  which  was  compatible  with  the  available  computer  facilities, 
the  following  engineering  approximations  to  the  problem  were  made. 

a.  The  effects  of  the  blade  torsional  degree-'  f-freedom  were  neglected. 

b.  The  effects  of  aerodynamic  coupling  between  the  blade  flapping  and 
bending  were  neglected  in  the  reverse  flow  terms, 

c.  The  effects  of  terms  of  higher  harmonic  order  than  1;  (e.g.,  cos  5^  » 

sin  5*^  i  etc.)  in  the  terms  describing  reverse  flow  were  neglected. 

It  is  believed  that  the  accxiracy  with  which  the  flutter  boundaries  for 
the  model  blade  are  predicted  is  not  significantly  altered  by  these  approxima¬ 
tions  when  the  advance  ratio  is  that  characteristic  of  foreseeable  helicopters 
(  say, ^  <  0,7). 

Reversed  flow  aerodynamic  terms  for  the  bending  generalized  coordinate 
were  generated  by  using  an  approximate  mode  shape  (cubic).  This  procedure 
permitted  closed  form  integration  and  greatly  simplified  the  introduction 
of  the  upper  limit,  sin  ^  (see  APPENDIX  II), 

Since  the  blade  encounters  reverse  flow  only  on  the  retreating  blade, 
it  is  necessary  to  switch  the  reverse  flow  terms  into  the  equations  of 
motion  whemr< // <2/7^d  out  when  0<y^<.ir.  This  was  accomplished  by  the 
use  of  electrical  relays  in  the  analog  computations. 

The  solutions  obtained.on  the  analog  conqputer  are  presented  on  Figs.  9a 
through  9i,  The  ordinate,  ,  is  directly  proportional  to  1  for  a 

fixed  nonrotating  pitch  frequency.  Hence,  increasing  values  of  the  ratio 
correspond  to  decreasing  flutter  speeds, -H.  ,  when  the  pitching  frequency, 
is  specified.  For  each  of  the  three  center-of-gravity  positions 
studied  the  effects  of  bending-to-pitchlng  frequency  ratio  and  reversed  flow 
were  obtained. 
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Calculated  results  for  the  most  forward  equivalent  center-of>gravlty 
position  (  /c  ■  0.0036  behind  the  pitch  axis)  are  shown  on  Pigs.  9a 
through  9c »  Curve  A  on  Fig,  9a  was  obtained  with  reversed  flow  effects 
neglected;  Curve  B  was  obtained  by  using  the  assumption  that  the  forces 
generated  in  the  reversed  flow  region  were  zero,  and  curve  C  was  obtained 
when  linear  aerodynamic  theory  (see  Section  IVA)  was  used  to  represent  the 
reversed  flow  aerodynamic  forces.  It  can  be  seen  that  the  effect  of  including 
reversed  flow  terms  in  the  computation  is  to  reduce  the  shaft  rotational 
speed  at  which  flutter  is  predicted.  For  this  particular  case  reduction  is 
relatively  small  until  an  advance  ratio  of  0,65  is  reached.  Both  with  and 
without  reversed  flow  the  calciJ.ated  flutter  speed  at  “  0,U  was  approximately 
1$^  lower  than  that  at/t^-®  0,2, 

Comparison  of  Figs,  9a,  9b,  and  9c  indicates  the  effect  of  the  ratio 
of  the  nonrotating  bending  frequency  to  the  nonrotating  pitching  frequency. 

The  lowest  frequency  ratio  /Cu^  “  0,585,  Fig,  9c)  indicated  the  lowest 
flutter  speed  in  the  low/t*-  range,  ‘i’or  this  particular  case  the  bending 
frequency  is  near  the  flapping  frequency  (the  rotating  flapping  frequency 
ratio  being  constant  and  equal  to  one,  of  course).  Effects  of  reversed  flow 
and  advance  ratio  are  roughly  the  same  for  all  these  frequency  ratios. 

The  peculiar  shapes  of  the  curves  on  Figs.  9a,  9b,  and  9c  indicate  that 
the  aerodynamic  terms  introduce  complex  phase  shifts  that  are  functions  of 
advance  ratio. 

Figures  9d  through  9f  show  the  calculated  results  for  an  intermediate 
center-of-gravity  position  (^4/0  “  O.OUi)  for  three  bending- to-pitching 
frequency  ratios.  Effects  of  reversed  flow  were  relatively  minor  up  to  an 
advance  ratio_  of  approximately  0,5.  Distortion  of  the  theoretical  curves 
occvirred  as  /Cu^  was  decreased.  An  appreciable  decrease  of  the  flutter 
speed  was  obtained‘at  0.6  for  =  0.9h7  when  reversed  flow  effects 

were  included  (Fig,  9e),  Figure  9d,  0^  th^  other  hand,  indicated  that  flutter 
speeds  in  the  range  0,3<^<  0,5  for  0*583  were  higher  than  the 

flutter  speed  at  /OC  -  0,3,  '  * 

Results  obtained  with  the  center  of  gravity  most  aft  -  0.139) 

show  the  most  sensitivity  to  and  advance  ratio  (Figs.  9g  through 

9i),  Figure  9g  again  shows  a  compairison  between  the  results  obtained  with 
different  assmptlons  with  respect  to  the  aerodynamic  forces  in  the  reversed 
flow  region.  Neglect  of  reversed  flow  usually  gives  the  highest  value  of  the 
shaft  speed  at  which  flutter  occurs.  Results  obtained  by  assuming  the  aero¬ 
dynamic  forces  in  the  reversed  flow  region  are  zero  indicate  a  lower  flutter 
speed  while  inclusion  of  fully  effective  reversed  flow  aerodynamic  forces 
yields  the  lowest  values  of  .Jl.  . 
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For  1.55  (Fig*  9g)  and  0.629  (Fig.  9i)  the  theoretical  curves 

indicate  a  rapid  decrease  of  flutter  speed  with  advance  ratio.  For  ^JtD^  1.11 

the  decrease  of  flutter  speed  with  increasing  advance  ratio  is  less  pronounced 
(Fig.  9h)  —  in  fact,  the  trend  is  reversed  in  a  narrow  range  at  an  advance 
ratio  of  approximately  0.5.  Both  Figs.  9h  and  9i  indicate  some  conditions 
for  which  the  blade  is  slightly  more  stable  with  reversed  flow  effects 
included  than  with  reversed  flow  neglected. 


V  COMPARISON  OF  EXPERIMENTAL  AND  CALCUUTED  RESULTS 


Comparisons  of  experimental  and  calculated  flutter  boundaries  are  shown 
on  Figures  10a  through  lOc*  In  general,  the  calculated  results  are  conserva¬ 
tive,  l.e.,  the  nredicted  shaft  speed  for  flutter  Is  lower  than  that  observed 
In  the  tests. 

A  corrparlson  of  the  results  obtained  with  the  blade  nearly  mass-balanced 
is  shown  in  Figure  10a,  This  plot  is  a  combination  of  Figures  8a,  9a  and  9b, 
Predicted  degradation  of  the  aeroelastic  stability  with  advance  ratio  was  not 
observed~at  least  over  the  range  of  advance  ratios  investigated.  The  calcu¬ 
lated  flutter  boundary  is  conservative  even  when  reversed  flow  effects  are 
neglected. 

Figure  10b  presents  a  con^jarison  of  the  measured  and  calculated  flutter 
boundaries  for  an  intermediate  c,g,  location,  9^^ /c  ■  O.Olt,  Again,  the 
experimental  data  show  no  sensitivity  to  advance  ratio  while  the  theoretical 
results  indicate  a  decreasing  flutter  speed  with  increasing  advance  ratio. 

The  theoretical  results  are  quite  conservative  over  the  range  covered  by  tests. 

Experimental  and  theoretical  results  for  /c  “  0,139  are  shown  on 
Figure  lOc,  The  experimental  data  show  a  decreasing  flutter  speed  with  in¬ 
creasing  advance  ratio  similar  to  that  obtained  in  the  theojretical  study. 

The  calculated  results  atre  conservative  over  the  range  of  the  test  data. 


VI  CONCLUSIONS 


1,  Advance  ratio  had  little  effect  on  the  shaft  speed  at  which  flutter 
was  obtained  experimentally  when  the  blade  was  nearly  mass-balanced— 
at  least,  up  to  an  advance  ratio  of  approximately  Q,$,  As  the  mass 
unbalance  was  increased,  the  flutter  speed  became  more  sensitive  to 
advance  ratio  and  decreased  with  increasing  advance  ratio.  The  same 
trends  were  observed  in  the  theoretical  results,  but  the  agreement  is 
only  qualitative. 

2,  Bending-to-pitching  frequency  ratio  had  little  effect  on  observed 

flutter  speed  for  the  range  of  conditions  tested  (0,6<  1,?) , 

■'.i/hatever  effect  existed  was  obscured  in  the  scatter  of  the  data. 
Theoretical  results  showed  a  sensitivity  to  this  ratio  that  varied 
with  unbalance  and  advance  ratio, 

3,  The  theoretical  results  were  conservative  for  all  combinations  of 
unbalance,  bending-to-pitching  frequency  ratio,  and  advance  ratio 
encompassed  by  the  test  data, 

ii.  Collective  pitch  angle  had  an  observable  effect  on  the  experimental 
flutter  speed  at  low  advance  ratios,  but  this  effect  disappeared  at 
moderate  advance  ratios  0,2),  It  is  possible  that  blade  stall 

partly  influenced  the  experimental  observations,  since  the  amplitudes 
of  the  pitch  motions  were  relatively  large.  Collective  pitch  effects 
were  neglected  in  the  analysis,  since  the  quasi-steady  aerodynamic 
theory  used  indicated  these  are  second-order  effects. 

It  is  difficult  to  define  experimentally  a  flutter  boundary  as  a 
function  of  advance  ratio,  because  the  flutter  motions  are  super¬ 
imposed  on  the  forced  response  motions, 

6.  The  calculated  effect  of  reversed  flow  was  to  decrease  the  shaft 
speed  at  which  flutter  occurred  for  nearly  all  blade  configurations* 

The  magnitude  of  tl " s  effect  varied  with  advance  ratio,  bending-to- 
pitching  frequency,  and  blade  unbalance.  Inclusion  of  reversed  flow 
effects  did  not  Improve  the  agreement  between  the  experimental  and 
theoretical  results.  That  is,  the  theoretical  boundary  was  conserva¬ 
tive  even  when  reversed  flow  effects  were  neglected. 

7,  Extreme  caution  should  be  exercised  in  the  extrapolation  of  the  e3q)erl- 
mental  results  obtained  to  rotors  having  mass,  elastic,  and  geometric 
properties  appreciably  different  from  the  test  configurations. 
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VII  RECOMMENDATIONS 


The  scope  of  this  investigation  was  so  limited  that  many  potentially 
important  problems  were  not  attacked.  Some  of  these  are  contained  in  the 
following  list: 

1.  An  unsteady  aerodynamic  theory  should  be  developed  for  rotors 
in  forward  flight, 

2.  An  experimental  and  theoretical  investigation  of  the  effects 
of  Mach  number  on  rotor  flutter  should  be  conducted. 

3.  Means  for  predicting  contours  of  constant  dancing  (as  opposed 
to  the  contours  of  zero  net  damping — the  flutter  boundary) 
should  be  developed  and  substantiated. 

li.  Stall  flutter  should  be  investigated. 

5,  A  theoretical  and  experimental  study  of  the  aeroelastic  char¬ 
acteristics  of  VTOL/STOL  rotor-props  should  be  initiated. 

6,  Aeroelastic  studies  of  unloaded  rotors  operating  at  very  high 
advance  ratios  ^  t  1)  should  be  undertaken. 
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APPENDH  I 


MODEL  PHYSICAL  CHARACTERISTICS 


BLADE  PLAN-VIEW  DIMENSIONS 

The  above  diagram  shows  the  plan-view  dimensions  of  CAL  Model  Blade  )*, 
The  properties  of  the  blade  and  hub  are  sunmarized  in  the  following  tables: 

Table  1,1  Section  Mass  and  Stiffness 

PropertljBs  for  CAL  Model  Blade  U. 

Table  1.2  Blade  and  Hub  Properties 

Table  1.3  Hub  Inertial  Characteristics. 
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TABLE  1.2 


BLADE  AND  HUB  PROPERTIES  ~  CAL  BLADE  MODEL  U  —  NO  POD 


ITEM 


VAUg 


Elastic  Axis  Location  (Uniform  Part  of  Blade) 
C.G.  Position  (Uniform  Part  of  Blade) 

V . 

. 

. . 


■’>4  •  *»[,« . 


Ul.O^  chord 
h2,S%  chord 
0.187  slugs  ft.^ 

0.00038  slugs  ft.^ 
0.0103  slugs 

2 

0.00006  slugs  ft. 
-0.0028  slugs  ft.^ 
-O.OOOUli  slugs  ft. 
-0.00017  slugs  ft.^ 
-0.00007  slugs  ft. 
0.00008  slugs  ft.^ 
-0.00002  slugs  ft. 

0.000073  slugs  ft. 


Includes  blads  and  part  of  hub  that  pitches. 
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TABLE  1.3 

HUB  INESTIAL  CHARACTERISTICS 


A  ly,  ■  O.O3I1I  slugs  (all  parts  that  flap) 

■  0.00205  slugs  ft.^  (part  that  flaps  but  does  not  pltdi) 
A  Zytf  “  0.00009li  slugs  ft,^  (part  that  pitches) 

“  0.000073  slugs  ft.^  (part  that  pitches) 

Zj  (root)  -  2^^  ^  Jg.  ■  0.00212  (slugs  ft.^) 
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APPENDIX  II 

EQUATIONS  OP  MOTION  AND  GENERALIZED  COEFFICIENTS 

f 


This  appendix  contains  the  equations  for  the  pitching,  flapping,  bending 
and  torsion  degrees  of  freedom  and  the  expressions  for  the  coefficients. 

These  are  arranged  in  the  following  tables: 


Table  II. 1 

11. 2 

11.3 
II. li 
II. 5 


Equations  of  Motion 
Generalized  Mass  Coefficients 
Generalized  Centrifugal  Force  Coefficients 
Generalized  Gyroscopic  Coupling  Coefficients 
Generalized  Aerodynamic  Coefficients 


The  preceding  were  derlTed  in  a  manner  similar  to  that  described  in 
Reference  7.  Underlined  terms  in  Tables  II.2,  II. 3>  and  II.l:  are  Hinctions 
of  the  static  deflections  of  the  blade. 


The  lift  cuiTre  slope  appears  under  the  integral  signs  in  Table  II. 5 
to  indicate  that  it  is  a  function  of  radial  (and  azimuthal)  position  '^dien 
the  Mach  number  effect  is  included.  It  is  anticipated  that  the  Prandtl- 
Glauert  correction  will  be  suitable  for  the  range  of  section  Mach  numbers 
anticipated  for  helicopter  rotors  (Reference  20): 


I 

i 

I 

I 

I 
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TABI£  II.l 


EQUATIONS  OF  MOTION 


♦  [ynft-Apt\4  -  l/ll^  *A^  *^/t  )mf\i4  ♦  [/l*(  ^  -  Tf^Aft  -Cf^^mf-S^/imf  - 

*[^*Am]^' -T^A^tC'f^  -S^jtimf  -C^rntflA*, 

[T\frA^^ -iAlG^*A^*S^Mi"YW 

'[f^iG^*A^*%f/iiuif]fi4  *\[t{^  -^A^  -C^usf-S^/isu/f  -^ysmif^ 

[tn^-A^lilf  -[filGt,*A^*Sti^)mY\e^  *[sti^  'T^A^  -C^^cuf-Si^/iimf  -Si^/smlfli^ 

-■^)-4^  -C^^cmf -S^^smf  •  S^, / imif  ]tf 

*(^  -'Q-An  *C'^/  *>V*"f 

♦(h7^  *'V*'f  •C/«»^f]K 

♦(»4-A^]4  -  ♦jirf(§*  -y-A^  rS^MlflAY 

•K-'S«k  -  fe<^‘W-fM  -U^,  -Cv  -  V-r  -‘w'-'f  )*H 
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ilii#f^'‘i"'irt-i- 


*0  0) 


•0  (t) 


•0  (s) 


•0  (4) 


TABIE  11.2 


OEMSRALIZED  HASii  COEFFICIEIJTS 


■  Ir  ♦  Iz,  (root) 

« 

(pe^^r  rrsdr 
rnndr  w  O 

*  « 

*  y  ^  mdr 

^ei,/3‘  Mpe. 

^x,  ■•■  Iz. x.^mdr 

( JT*  "♦■  **^*‘)  +y^.  ^e,  •■ 

^(root) 

•  tA/ae, 

^A- 

Motet 

Intograls  in  ^4.4  the  offoot  of  all  porta 

of  tha  root  fitting  whleh  flap  iibUa  Intagrala  In  M/an  •  ,  Md 

only  Inolttda  the  porta  of  tha  root  fitting  which  both  pitoh  and  fl^. 
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TABIE  II.3 

QENERALIZED  CEtTFRIFTlOAL  FORCE  COEFnaOiTS 


-Tz,  Troot)  -  Ir 

R 

rrv»dr 

O 

/R 

X,rf0  \m<ir 
T(^«  TJo«, 

Ti.n.-  I2,  +  y^VuJr  •tji\^rtr\6r 

\i<S  •  "IVix 

«•»>  -/(t^)‘[/'*'M<‘' 

V  V*, 

-y5.if;mdr 


TABIE  II.li 


OENERAUZED  GYROSCOPIC  COUPLIMO  COEFFICIENTS 


2.Cr(ip  •o 

Jmdr 

mdr  ♦ 

o 

eC^p- 


2  &0»,  *  O 

o 

f  Thla  twm  Might  h«  iMglMetwl*  It  would  bo  ooro  if  tho  mail  bonding  do- 
floetion  oooooloiod  with  tho  A^ping  nodo  woro  indludod  in  tho  onolpoio. 
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TABIE  II.5 


*  ^  -Mfitmf 

Ja  hr^dr  f  ♦  a)br*dr 

U  -mHuh 

"ilR^ fa6r*dr  (a„,  *a)br‘dr 

'•  '* 

n*^p  \  ab((^f  4)r*dr  -fCt ]  ia^-i’a)Qr^dr  ^f>D.‘J  (a^f-ci)b*r^dr 

•«  -jiHiinf 

~  fl‘Rp J Cihr^dr  +p/i*/?J  (at,* a)br‘dr 
^  ft  'ft 

/*  k  t  ^  ZMRsiUf 

fl^Rp]ab(Q+2)rdr  +  fr£i  ]  b*rir  -^C]'Rj(at,*a)bQrdr  *  j^Il*Rj(a„-a)b*rdr 

'•  ft  \  « 

j  ,  ,  /*  ZMlfiMt 

^  j£L  R  ahrdr  -jpflR  j  (a,f*a)hrdr 

^  ft 

tr^  ^tiQrdr 

**  1  f*  -mKmp  ’^Rmp 

Up  jd 6  (Qi-  7)r‘dr  -t-  rr/lpj  ^r*dr  *  a)bQr*dr  *^Rj(a„-  a)bVdr 

anf[ak(Clf^)rdrt  irSlR^fb'rdr  -f[lf)f(^\a)bQrdr  •ifaRi{Z*a)b'rdr 

-MRuMf  *  ^ 

Si'^\abr*dr  -^[iL  ]  ia„*  a)br^dr  -jpQtR*yJ{a^^a)brdr 
£  Q.R^^Q.br*dr  -LpQ.Rj(a^*  a)br*dr 
HR  ^^abrdr  +  (a„ta )brdr 


i(a„-a)brdr 
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TABLE  11,5  cont’d. 


Sa 

Ch 

•s. 


-  tr^fb*^rdr 

U  -Mtfunf 

-n^Jahf^rUr  *^{lj(a„*a)ft,br*dr 

M  y 

-flR^  jab  f^rdr  *f>flR j  +  a) it,  brdr 

fl^ffab  (O*  rUr  -f>{l*f( a„*a)Q  br^dr  *  j^a‘j(at,-a)^*>b‘r'dr 

‘S^R^jab^r*dr  *f>Cl*Rf(a,,*a)^>br*dr 

f  )j‘jrdr  +  trSlR^^^ rdr  -f>flRj(a„,*a)^*'  Qbrdr  *j'f>{l*Rj(a4„-a)^**l>rdi 

-  j  a*R‘f>Jab  rdr  *  jfflVjja,,  *  a)  brdr 

tr^jyiQ’^)^r(Lr 

j)^r‘dr  +  it {i^j*b‘ f^r*dr  -pfl/fo,,  ♦a)x,^6r‘rfr  *  ■jr^[l^{a„*a)\bVdr 

JP4  t 

{lR^JabiQ~ll*j)f,rdr  f  TrSlRf>J^b*^rdr  -(>QRj(a„*a)i,f^bdr  *j^llRjia,„-a)f^b\dr 

/u  ^  -mKuh  f  -/dHun  f 

abf^r*dr  -fI\j(a„*a)Ubr*dr  -  jf>fl‘R‘yf(a,„i-a)f^brdr 

'•  r, 

M  -fiRtinf 

l£i*R^jabt^r*dr  -2f>n'Rf (a„  ♦  a)f^br"dr 

*  C 

-  j  £l*R‘^fa bf^rdr  *  jf[l^Rj(a,u,  *a)f^brdr 


I 
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TABLE  II.5  cont'd. 


-mH  SIM  ^ 


A 


V 

C._s 


OH 

Kji  ’ 

ok  8^  ~^n  9fn  ^ 

•  Cl^fabQr^dr  -  jrCipj 6‘r'dr  ‘^^^(au*a)Qbr^ir 

*  npfttt-^ILLSrl^  r’Jr 

r  . 

'  flRpj  abQrd^r  -  ir  CIR^]  b‘rdr  -^CiR]  (a„^  a)Qbrdr 
'ilL^j abOlQ^  ^)rdr  i  rrJl^f> J i>  Qrdr  +f/l‘/( a.,  *a)Q'brdr  -  j^Cljia„  -a)Qbrtlr 

*  if*  /*  » 

abO  rdr  -  rrll^R^Jb^rdr  ~^QRj(at,-ba)Obrdr 
+  a‘Rf> 

[  J  r  -b  n/dswyi 

M  -M>fiiMf  .  j  ■'-"r  t 

5^  •  -n‘R^J abQ(Q*f)dr  ^fn'Rj(a»p*a)Qbdr  -  ^(>aRjja»,- a)(?bdr 

SA  .  **  -duHsmf 

5^  s  jfl^R*^JabQdr  -  ^  if ff jh‘dr  R  J(a^*  a)Qbdr 

\ii.  '  -  rrfjbVdr 

•  -flfj  <^bO(Q*  j)rdr  *f>[lf(a„*a')(^brdr  -  jf>Slf(a^f- a)Q^rdr 
5^  •  -D.R^]  abQ(Q  *j)dr  *^(lRf(a„*a)Q*bdr  -j(>nRf(a„-a)Qb*dr 

«•  M  * 

»  -a*PJ  a  bO /dr  i  wR'^l/r^dr  *ffQ*f(a„  fa)  Rbr’dr 

-  n'f>jab(ei,f0,  -^r^^/dr  + 


•MUsmf 


28 


TABLE  II. 5  cont'd. 


'KK 


1 

^  A. .  « 


1 


s;, . 


-  2  flR^JubQrdr  -f  Infl  R  pj  brdr  *Lf[^Rj(a„*a)Qbrdr 

ft  fm 

2  H  R ^JcibQdr  ~  j  ft  fiR^J A  dr  a)Qt>dr 

Trpji>fs^dr 

fi^j  abQf^  rdr  -  irh^j  f^  rdr  -f>n f [a^  +  a)fMrdr 

ilR^J^abQf^dr  -Tr/lR^JbXdr  -^aRlU<^*a)fMdr 

- (tfifab Q  (O  *  rdr  4  Tr/l^f>fh^Q0^rdr  “«» *  Q%rdr 

^^^j(^bid.-e,- ^r^i^.-^r^fCr^dr  +  {l^f>fc^bf^r*dr  -f>nj(a„  *a)^*’Qb‘dr 

n’RfiJabQ  ^^rdr  -  rr  a'R^fb^ff- rdr  -^[tRfTZ*a)^*^Qbrdr 

-itR^fabQiQt  Df;^'  -  ^^*R(>Jb*Q^'  dr  *f[lRj{a„*  a)^*' Q%dr  -jp^Rj(a»,-a)j^Qddr 
lOi^f^^fabQ^dr  -  ^Tr£fR‘^fb'^dr  .^i,QYf(a^,-^a)^Qbdr 
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TABI£  II.5  cont’d. 


I 


(Q~£ij)f^rdr  -  nn^jli£f,rdr  a)x,-P^Obrdr  -j^[lf(a„-a)f^^QI>rdr 

*  -SIR^J  abQ  (Q~£-h^)^  dr  -  TrIlR(>jbJf,dr  i-^^iRf(a„-^a)K,i^Qbdr  -  a)iQl>dr 

“  -fl‘^j^abQf^r^dr  +  rr^l^^j  b‘ffr*dr  *^0.  j(a^,-¥  a)f^Qbr^dr 

/f* 

5^,  =  -d^lR^JabQft^rdr  +  HrrR^RoJb^f^rdr  *lf>n^Rj(a»,*Q)f^Obrcir 

*  ^  ''ft  *  /I 

t  I  /■**  if' 

J  ^  a,,  +  fl)  /n 

ft  •  ' 

=  -£lf>Jabf^r*dr  *fnf(am*a)f*J>r*dr 

*  ’^R^jdbf^rdr  *^[lRj(a^*  a)f4.brdr 

s  rL*pjab(Qf  y)f^/dr  ~f[]tf(a»*a)fJ3brdr  f^f>flj(a»,~a)ff,brdr 
C^  «  ~{l*RpJabffrdr  -(>Q‘Rj(a„*  a}Ubrdr 

'  ^  “i 

M  I  ^  -^Rsmf  -jiRnHifi 

*  R^RpjabiQ*  +  nSl^Rplb^dr  -fitR^{a„  +  a)'h„Qbdr  *jp£tRf(a„-a)-f^t)dr 

/  /*  -//#««»  f 

5^^  »  -j[tR*pjabff^dr  *j^CtR'fia„+a)fMr 

‘  *1  t 
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TABIE  II.5  cont'd, 


TABIE  11,5  cont'd 
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Figure  2  SMALL  ROTORCRAFT  TEST  TRAILER 
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Figure  3  TRACTOR  FOR  SMALL  ROTORCRAFT  TEST  APPARATUS 
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Figure  4  HEAD  -  HELICOPTER  FLUTTER  MODEL 
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Figure  5  ROTOR  HYDRAULIC  PUMP 


INSTRUMENTATION  AND  CONTROL  PANELS  -  SMALL  ROTORCRAFT  TEST  TRAILER 


SHAFT  TILT,  degrees 


Figure  7  Approximate  Stall  Regions  for  Retreating 
Blade  Tip  of  the  Model  Rotor  as  Punctiona 
of  Collective  Pitch  and  Rotor  Shaft  Tilt 
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Figure  8a  EXPliRlMliNTAL  FLUTTER  DATA  ;  D^ONROTATBJG  FITCHUJG 

FRfigUENCY  /  SHAFT  ROTATIONAL  SPEEQ)  vs  ADVANCE  RATIO 

%t/c  -  0.0036,  COf^  1.03  and  l.W*J 

U3 


Figure  8e  C  ■  0.139,  0,63  and  I.3I}  6*q  * 
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Fieure  9e 


It!  o.oUii,  0.95 


52 


Figure  9g 


Xe/C-  0.139,  l.Ii5 


Fii,ure  9h  C  =  J.139,  <1).,=  1.11 
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Fi;  ,ure  10b  /C 
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